Background/Aims: The islet is an important endocrine organ to secrete insulin to regulate the metabolism of glucose and maintain the stability of blood glucose. Long noncoding RNAs (lncRNAs) are involved in a variety of biological functions and play key roles in many diseases, including type 2 diabetes (T2D). The aim of this study was to determine whether lncRNA-p3134 is associated with glucose metabolism and insulin signaling in pancreatic β cells. Methods: LncRNA microarray technology was used to identify the differentially expressed circulating lncRNAs in T2D patients. RT-PCR analyses were performed to determine the expression of lncRNA-p3134 in 30 pairs of diabetic and non-diabetic patients. The correlation of lncRNA-p3134 to clinical data from T2D patients was analyzed. LncRNA-p3134 was overexpressed in Min6 cells and db/db mice by adenovirus-mediated technology. CCK-8, TUNEL, Western blot, glucosestimulated insulin secretion (GSIS), ELISAs and immunochemistry were performed to determine the effect of lncRNA-p3134 on proliferation, apoptosis and insulin secretion both in vitro and vivo. Results: The circulating level of lncRNA-p3134 was higher in diabetic patients than in non-diabetic controls and was correlated with fasting blood glucose and HOMA-β levels. The lncRNA-p3134 had risen by 4 times in serum exosomes but nearly unchanged in exosome-free samples. The secretion of lncRNA-p3134 was dynamically modulated by glucose in both Min6 cells and isolated mouse islet cells. LncRNA-p3134 positively regulate GSIS through promoting of key regulators (Pdx-1, MafA, GLUT2 and Tcf7l2) in β cells. In addition, the overexpression of lncRNA-p3134 resulted in a decreased apoptosis ratio and partially reversed the glucotoxicity effects on GSIS function in Min6 cells. The restoration of insulin synthesis and secretion the increase of the insulin positive cells areas by upregulation of lncRNA-p3134 in db/db mice confirmed the compensatory role of lncRNA-p3134 to preserve β-cell function. Furthermore, a protective effect of lncRNA-p3134 on GSIS by positive modulation of PI3K/Akt/mTOR signaling was also confirmed. After blocking the PI3K/AKT signals with their specific inhibitor, the effect of overexpressed lncRNA-p3134 on insulin secretion was obviously attenuated. Conclusion: Taken together, the results of this study provide new insights into lncRNA-p3134 regulation in pancreatic β cells and provide a better understanding of novel mechanism of glucose homeostasis.
Introduction
Type 2 diabetes (T2D) results from the loss of glucose homeostasis due to insulin resistance and/or β-cell dysfunction and involves genetic, environmental, and behavioral components [1] [2] [3] . Studies of the pathogenesis of T2D mainly focus on the mechanisms controlling β-cell adaptation and insulin secretion. This focus is partly due to breakthroughs involving genetic discoveries describing many cases where common genetic variations that are associated with pancreatic β-cell function increase the risk of T2D. However, protein-coding genes can only explain approximately 10-15% of T2D cases, suggesting that epigenetics and noncoding sequences are important in the pathophysiology of T2D. Emerging studies have highlighted the importance of noncoding RNA alterations in the pathogenesis of T2D [4, 5] .
Long noncoding RNAs (lncRNAs) are non-protein-coding transcripts longer than 200 nucleotides [6] that were previously considered "transcription noise", but studies have increasingly demonstrated that lncRNA transcripts are widely involved in almost every aspect of cellular biological functions, such as cell proliferation [7, 8] , differentiation [9, 10] , metabolism [11] , and apoptosis [12] . Accumulating evidence suggests that the aberrant expression of lncRNAs plays an important role in the regulation of pancreatic β-cell function. The exposure of β cells to chronically elevated glucose concentrations has a deleterious impact on their function, leading to defective insulin secretion and, eventually, partial loss of the cells by apoptosis. This combination of events culminates in T2D. For example, the lncRNA HI-LNC25 was identified in isolated islets and shown to regulate the expression of GLIS3, a transcription factor that contains T2D risk variants [13] . KCNQ1OT1 is a 91-kb lncRNA localized exclusively in the nucleus. Knocking down the expression of KCNQ1OT1 and thereby decreasing the repressive histone modification result in impaired islet proliferation or development. Additionally, the lncRNA KCNQ1OT1 was reported to be upregulated in T2D adult islets, which may be part of the compensatory proliferative response to hyperglycemia [14] . Another study indicated that the lncRNA ANRIL was responsible for the age-dependent decline in the capacity for β-cell proliferation [15] . During the past several years, studies have demonstrated that lncRNAs also exist in various body fluids, such as serum [16] , plasma [17] , and urine [18] . Circulating lncRNAs may become promising noninvasive biomarkers for assessing the pathophysiological status of various diseases. More notably, circulating lncRNAs could target distant cells or organs and perform a regulatory function in a new location through exosome vesicles [19] .
The pancreas is an important endocrine organ. Pancreatic β cells secrete insulin to regulate the metabolism of glucose and maintain the stability of blood glucose. It has been found that islet cells can secrete regulatory non-coding RNA [20] , but whether circulating lncRNAs has function on target tissue has not been fully clarified yet. Therefore, identification of novel lncRNA for glucose metabolism based upon expression pattern in human circulation and effect on maintenance islet β-cell function would be very valuable. In this study, we performed an expression profile of lncRNAs and related mRNAs in diabetic patients, with the broader goal of identifying diabetes-affected genes and understanding the pathogenesis of T2D.
Patients
We consecutively enrolled all consenting adult subjects (18-65 years old) with no past medical history who were seen for a health screening in the Endocrinology Department at Zhujiang Hospital of Southern Medical University (Guangzhou, China) between July 2014 and April 2015. The Research Ethics Committee at Zhujiang Hospital of Southern Medical University approved the study protocol (2014-NFMK-005). Written informed consent was obtained from all participants for the use of their blood, and whole blood samples were subsequently collected separately in tubes containing RNA after an overnight fast of 10 to 12 h. The study population consisted of 30 T2D patients and 30 healthy controls. All patients in the T2D group were diagnosed according to the criteria established by the American Diabetes Association (ADA) [21] . Patients who presented with severe diabetic complications, dyslipidemia, tumors and other diseases in addition to diabetes were excluded from the study. Additionally, individuals who were overweight or obese or who had a family history of diabetes and were on long term medications were also excluded. The 30 healthy subjects in the control group were free from all endocrine diseases. Following a period of overnight fasting, each participant had whole venous blood (> 3 mL) drawn between 7:00 a.m. and 9:00 a.m. Lipid and glucose measurements were obtained using a Siemens Advia 2400 Clinical Chemistry System (Siemens, Germany). The human insulin levels were measured using a human INS ELISA Kit (Minneapolis, USA).
Plasmid construction
A 743-bp lncRNA-p3134 (ENST00000545923) transcript was amplified and cloned into the GV367 adenovirus vector, which also encodes the enhanced green fluorescent protein (Genechem, China). To prepare adenovirus particles, the adenovirus vector pHelper 1.0 plasmid and the pHelper 2.0 helper plasmid were co-transfected into HEK293T cells according to the manufacturer's recommended protocol. Adenovirus vectors overexpressing lncRNA-p3134 (lncRNA-p3134) and empty negative control (NC) vectors were obtained after virus packaging.
Animal care and islet isolation
Six-week-old db/db female mice and nondiabetic littermate controls (db/m mice) were purchased from the Model Animal Research Center of Nanjing University. The mouse handling and experimental procedures were approved by the Ethics Committee for the Use of Experimental Animals at Southern Medical University. All the animals were raised with access to water and standard mouse chow. Pancreatic islets were isolated as previously described [22] . Briefly, pre-cooled Hank's solution containing 0.5 mg/L collagenase P was injected into the biliary tract. The pancreas was excised and digested at 37°C for 13 min. Islets were obtained using a density gradient and were handpicked. Islets were cultured in 24-well plates with complete RPMI-1640 medium (Gibco, USA) containing 11.1 mM glucose and 10 mM HEPES supplemented with 10% FBS (Biological Industries, Israel), 100 U/mL penicillin, and 100 mg/mL streptomycin for 4 h to recover from the isolation before beginning the following experimental procedures.
Cell culture and adenovirus infection
The mouse pancreatic β-cell line Min6 cells were cultured in RPMI 1640 medium at 37°C in 5% CO 2 . Subcultures were established every three days using trypsin/ethylene diaminetetraacetic acid (EDTA). Before adenovirus infections, the cells were subcultured in a 6-well plate at a density of 4 × 10 4 /mL. After incubation for 24 h, adenovirus infections were performed at a multiplicity of infection (MOI) of 10. At 72 h post-transfection, the expression of EGFP was observed under a fluorescence microscope (Olympus, Japan). Cells were successfully transfected with the LV-lncRNA-p3134 as lncRNA-3134 group and the empty vectors as control, then culture in 6-well plates for 48 h for future experiments. The islet cells in this study were used between their fourth and sixth passages.
Glucose treatment of Min6 cells and isolated islets
To study the effect of the glucose exposure, Min6 cells were plated in 6-well plates (5 × 10 5 per well) and then cultured in DMEM containing 5.5, 11.1, 16.7, 22.2, or 33.3 mM glucose for 24 h as previously described [23] . After overnight culture in RPMI-1640 medium, the islets were transferred to 12-well plates (100 islets per well) and cultured in 2 mL RPMI-1640 medium containing 5. 
RNA extraction and real-time PCR analyses
Total RNA was extracted from the blood samples of all fasted participants using TRIpure LS (Bioteke, China) according to the manufacture's protocol and then stored at -80°C for future analysis. Total Exosome Isolation Reagent was from Invitrogen (Carlsbad, USA). The total RNA from Min6 cells or isolated mouse islets (100 islets form each batch) was isolated using TRIzol (Invitrogen, USA) and reverse-transcribed into cDNA using a Reverse Transcription Kit (Takara, China). Real-time PCR was performed using an ABI Prism 7500 sequence detection system (Applied Biosystems, USA). Each reaction (20 μL) contained 2 μL of cDNA template, 10 μL of SYBR Green Master Mix (Takara, Dalian, China), 0.4 μL of ROX Reference Dye II, 0.8 μL of each of forward and reverse primers, and 6 μL of RNase-free ddH 2 O. Additional File 1 shows the sequences of primers used for RT-PCR. The reactions were performed by incubation in a 96-well plate at 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 34 s. The expression level of the genes was normalized to β-actin by comparing the cycle threshold (Ct) values. Gene expression was determined by the 2 -ΔΔCt methodology and then analyzed for statistical significance.
LncRNA microarray profiling
We performed microarray profiling using Human LncRNA Microarray V4.0 (CapitalBio Corp, China), including 34, 235 mRNAs and 40, 914 lncRNAs. Briefly, we labeled 10 μg of the total RNA using the Superscript Plus Direct cDNA labeling system (Invitrogen) followed by hybridization to the chip. We then scanned the microarrays using an Agilent microarray scanner piloted by GenePix Pro 6.0 software (Axon). We imported the scanned images (TIFF format) into the Agilent Feature Extraction software for grid alignment and expression data analysis. Expression data were normalized by quartile normalization and the Robust Multichip Average (RMA) algorithm that was included in the Agilent software. After normalization, we generated probe-level files and mRNA-level files. All gene-level files were imported into Agilent GeneSpring GX software (version 11.5.1) for further analysis. We identified differentially expressed lncRNAs and mRNAs through fold change filtering. The microarray data were selected using threshold values of greater than a 2-fold change under FDR protection (P < 0.05).
Bioinformatics analysis
Differentially regulated mRNAs were uploaded into the Database for Annotation, Visualization and Integrated Discovery (DAVID) for annotation and functional analysis [24] , including gene set enrichment analysis and mapping gene sets to the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database to analyze the potential functions of lncRNA-p3134 in the pathways [25] . To associate the lncRNAs with directly regulated expression of target mRNAs, we superimposed lncRNA target predictions onto the lncRNA-mRNA correlation network [26] . For each pair of analyzed genes, the Pearson correlation was calculated, and we chose those pairs with significant correlations (0.94 or greater) to construct the network using Cytoscape. In this representation, each gene corresponds to a node, and the connection of two genes is represented by an edge, indicating a strong correlation (i.e., either positive or negative).
Cell Counting Kit-8 (CCK-8) assays
The effect of lncRNA on cell proliferation was analyzed using CCK-8 assays. Min6 cells with and without transfection were seeded at 1 × 10 4 cells per well in 24-well culture plates with three replicates per condition. At the time points 0, 24, 48 and 72 h, 20 μL CCK-8 solution (Dojindo, Japan) was added to each well for 4 h at 37°C. The absorbance was measured at 450 nm on a microplate reader. 
Flow cytometry analysis

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay
TUNEL staining was performed using an EdUTP TUNEL cell detection kit according to the manufacturer's instructions. The cells were incubated in proteinase K for 15 min at room temperature, treated without or with 100 μM resveratrol, fixed in 4% paraformal dehyde, and permeabilized with 0.1% Triton X-100. After washing twice with PBS, the sections were labeled (60 min and 37°C) with a fluorescein-TUNEL reagent mixture and observed under a fluorescence microscope (Olympus, Japan) at 488-nm excitation and 530-nm emission, and representative images were captured using a camera. The nuclei were stained using 4',6-diamidino-2-phenylindole (DAPI). The observations revealed the number of apoptotic nuclei and the total number of cells in each high magnification (×400) view, with the addition of 4 high magnification views of each section. The apoptotic index (AI) refers to the number of apoptotic nuclei among 100 nuclei. The average value was converted to the AI using the following formula: AI = number of positive cells/total cells × 100%.
Western blot analysis
Min6 cells and isolated mouse islets were lysed using RIPA protein extraction reagent (Beyotime, Beijing, China) supplemented with a protease inhibitor cocktail (Roche, CA) and phenylmethylsulfonyl fluoride (Roche). A 50-µg sample of the extracted protein was separated via 10% SDS-PAGE, transferred to an Imobilon®-P Transfer membrane (Millipore, USA) and incubated with specific antibodies. The autoradiograms were quantified using densitometry (Quantity One software; Bio-Rad). With the protein content determined, Western blotting was performed. The specific antibodies and dilutions were as follows: anti-caspase3 (1:1000), anti-caspase9 (1:1000), anti-Bcl2 (1:2000), anti-Pdx-1 (1:3000), anti-MafA (1:200), anti-GLUT2 (1:10000), anti-transcription factor 7-like 2 (TCF7L2; 1:10000), anti-PI3K (1:1000), anti-AKT (1:500), anti-pan-AKT (1:1000), and anti-mTOR (1:5000). All antibodies were obtained from ABCAM (AB, USA). The target protein levels were normalized to anti-beta-actin (1:10, 000) from ABCAM (AB, USA). The secondary antibodies used were horseradish peroxidase-conjugated goat anti-rabbit IgG (1:10, 000) and goat anti-mouse IgG (1:5000) from Boster (Boster, China).
Measurement of glucose-stimulated insulin secretion (GSIS) and intracellular insulin protein content
Before stimulation, when the cells reached approximately 70% confluence, Min6 cells were washed twice with PBS (pH 7.40, 37°C) and pre-incubated in 500 μL Krebs-Ringer bicarbonate (KRB) buffer at 37°C in a humidified 5% CO 2 atmosphere. After the 1-h pre-incubation, supernatants were removed. Then, the cells were washed once with glucose-free KRBH and subsequently incubated in fresh KRB buffer containing 2.8 and 16.7 mM glucose, respectively, for 1 h in 24-well plates. All incubations occurred at 37°C and 5% CO 2 . The medium was collected and stored at -80°C for ELISA analysis (Mercodia, Sweden) to evaluate insulin secretion. To determine the insulin content, the cells were harvested via trypsinization in a 15-mL centrifuge tube after transfection, and 4 × 10 5 cells were ultrasonically disrupted in 1 mL double distilled water. The sonicate was mixed with acid ethanol (0.18 M HCl in 96% ethanol (vol/vol)) in a 1:3 proportion of sonicate and acid ethanol. The mixed solution was incubated at 4°C for 12 h. The acid ethanol extracts were diluted at least 100 times in Calibrator 0 for ELISA analysis.
Adenoviral transfection in vivo by hydrodynamic injection
To investigate the function of lncRNA-p3134 function in vivo, db/db female mice were randomized for injection with adenovirus vectors overexpressing lncRNA-p3134 (lncRNA-p3134 group) or empty negative control vectors (db/db group). For hydrodynamic injections, 1 × 10 10 adenovirus was rapidly injected into the lateral tail vein, as previously described [27] . The overexpression efficiency of lncRNA-p3134 in islets was detected by real-time PCR at 7 days after treatment.
Intraperitoneal glucose tolerance tests (IPGTT) and in vivo glucose stimulated insulin secretion (GSIS)
Seven days after the adenovirus injection, intraperitoneal glucose tolerance tests (IPGTT) and in vivo GSIS measurement were conducted in lncRNA-p3134-treated group and the db/db group. Additionally, db/m mice were used as the normal control (db/m group, n = 6 for each). In brief, after overnight fasting with free access to water, the mice were intraperitoneally injected with a 20% glucose solution (1 g/kg body weight). The glucose concentrations in 2 μL total blood from the tail vein at 0, 15, 30, 60, 90, and 120 min were determined using a glucometer (Roche, USA). The serum was collected from eye canthus blood 
Immunohistochemistry and analysis
Pancreas tissues were collected and fixed in 4% paraformaldehyde (PFA) for 24 h. The tissue was then processed and embedded in paraffin, and 5-μm-thick sections were sliced and mounted on glass slides. The mass of beta cells (insulin positive) were stained using the immunoperoxidase technique. After overnight incubation with an anti-insulin primary antibody (Sigma-Aldrich, dilution in 1:500), the HRP-Polymer antiMouse IHC kit (Maixin Bio, China) was applied according to the manufacturer's instructions. Finally, insulinpositive cells were stained with 3, 3-diaminobenzidine (DAB) (Maixin Bio, China) to a golden-brown color and then counterstained with hematoxylin (Maixin Bio). The total areas of the pancreatic tissues and insulinpositive cells were traced manually and those dimensions were analyzed with an image analysis program (AxioVision V4.0, Carl-Zeiss). All the measurements were calculated by analyzing pancreatic tissues from at least 3 mice for each genotype. The ratio of the area of insulin-positive cells to the total area of pancreatic tissue was calculated as previously described [28] .
Statistical analysis
The data were analyzed using SPSS version 22.0 software. Continuous variables are presented as the means ± SD. The changes in expression for the individual lncRNAs of each subject were calculated relative to the standardized expression levels of the lncRNAs to identify lncRNAs with greater than 2-fold changes in expression. All statistical comparisons were performed using Student's two-tailed t-test. Differences were considered statistically significant at p < 0.05. We also performed correlation analyses for matched data that included the expression levels of lncRNAs and the following variables: body mass index, waist circumference, waist-to-hip ratio, fasting glucose, fasting insulin, TC, TG, HDL cholesterol and LDL cholesterol.
Results
LncRNA-p3134 is highly expressed in T2D patients
The global expression levels of circulating lncRNAs and mRNAs in diabetic and non-diabetic participants (n = 3 for each) were examined using a Human LncRNA Microarray v4.0 (Arraystar, USA) and then validated in 30 diabetic and 30 nondiabetic participants. Table 1 summarizes the anthropometric and metabolic characteristics of the study participants. The circulating lncRNA expression patterns differed significantly between the 3 diabetic and 3 healthy participants. With a Cell
2-fold expression difference as the cutoff, 2269 lncRNA transcripts and 2193 mRNA transcripts were specifically dysregulated in T2D participants compared with healthy controls (Fig. 1) .
We observed a marked increase in the expression of circulating lnc R N A -p 3 1 3 4 in the diabetic group compared with control group (p < 0.001, Fig. 2A ). Additionally, the expression of lncRNA-p3134 were positively associated with FBG, fasting Cpeptide, and HOMA-IR levels (p < 0.05 for all) and negatively correlated with HOMA-β (p = 0.00, Table 2 ). These results suggest a link between the development of diabetes and the level of circulating lncRNAs.
Exosome package was the main expression pattern of lncRNA-p3134
Exosome-package is a pattern that secreting lncRNAs to target cells. To find out the resource of circulating lncRNAs, we isolated the exosome from serum samples with or without diabetes. After isolation, samples were analyzed by qRT-PCR for the lncRNA levels. We observed that, the lncRNA levels had risen by 4 times in serum exosomes (p = 0.00, Fig. Fig. 2 . Expression level of circulating lncRNA-p3134 in exosome or exosome-free in T2D and non-diabetic participants. The expression of lncRNA-p3134 in circulation was determined using qPCR and normalized to the β-actin expression (A). LncRNA expression in exosomes of serum in patients with or without diabetes (B). LncRNA expression in exosomes-free serum in patients with or without diabetes (C). ** , p<0.01. 
Glucose-dependent regulation of lncRNA-p3134
The correlation with high lncRNA-p3134 level can either be the cause or consequence of elevated glucose levels. To address this question, we exposed Min6 cells and isolated mouse islets in medium supplemented with different glucose concentrations (5.5, 11.1, 16.7, 22.2, and 33.3 mM) for 24 h. Then we collected the culture medium and extracted RNAs. Medium grown at the standard culture concentration of glucose (11.1mM) were used as control. We found moderate highlevel glucose can activate islet β-cell to secrete lncRNA-p3134. LncRNA-p3134 expression to be maximal at 16.7 mM (p < 0.01) and decreased with the higher glucose concentrations in medium culture of Min6 cells (22.2mM decreased 13%, p = 0.34; 33.3mM decreased 37%, p < 0.05, Fig. 3A ) and mouse islet cells (22.2mM decreased 45%, 33.3mM decreased 57%, p < 0.05, Fig.  3B ). To find out whether lncRNA-p3134 was secreted actively, selectively or randomly, we detected lncRNA-p3134 level in Min6 cells (Fig. 3C) and islets (Fig. 3D) treated with high-level glucose (16.7 mM). The data showed that there was little change in these situations (p > 0.05). The cell level of lncRNA-p3134 was not consistent with the secretion level, indicating that lncRNA-p3134 was secreted by islet β cells treated with high-level glucose, and are selective.
Bioinformatics analysis of lncRNA-coexpressed mRNA
Information regarding lncRNA-p3134 and its co-expressed coding genes may be useful for predicting its functional roles in T2D. KEGG pathway analysis indicated that the lncRNAscoexpressed mRNAs were involved in the regulation of Jak-STAT signaling pathway, insulin signaling pathway, cancer pathways and others (Fig. 4A) . We then constructed general lncRNA-mRNA co-expression networks in the T2D group with all the differentially expressed mRNAs from this study. Specifically, the co-expression network of lncRNA-p3134 in the T2D group was composed of 38 mRNAs nodes, including TCF7L2, one of the susceptible genes in individuals with T2D, closely related to glucose-stimulated insulin secretion (Fig. 4B ). These data provide a possible link between insulin secretion and lncRNA-p3134 expression.
LncRNA-p3134 increase insulin synthesis and secretion via transcription factors in Min6 cells
To determine whether lncRNA-p3134 participates in regulating insulin secretion, we used lentiviral infections to high-expressed lncRNA-p3134 in Min6 cells. RT-PCR revealed that Fig. 5A ). Min6 cells were exposed to 2.8 mmol/L or 16.7 mmol/L glucose for a sustained period of 48 h prior to GSIS assays. Insulin content was increased in the lncRNA-p3134 group (p = 0.004, Fig. 5B ). The GSIS response of lncRNA-p3134 overexpression in Min6 cells was significantly increased when the glucose concentration was raised from 2.8 mmol/L to 16.7 mmol/L compared with that of the control vector group (2.3-fold vs 3.7-fold, p < 0.05, Fig. 5C ), supporting our hypothesis that lncRNA-p3134 might have a compensatory effect to preserve pancreatic β-cell function.
To detect the effects of lncRNA-p3134 on insulin synthesis, we determined insulin 1 mRNA levels in Min6 cells. Real-time RT-PCR analysis revealed lncRNA-p3134 overexpression lead a significant increase of insulin 1 mRNA level (p < 0.01, Fig. 5D ). Insulin synthesis is regulated by β-cell-specific transcription factors. We examined both the mRNA and protein levels of selected transcription factors with well-established roles in β-cell maturation and insulin transcription, including pancreatic and duodenal homeobox factor 1 (Pdx-1), v-maf musculoaponeurotic fibrosarcoma oncogene homologue A (MafA), glucose transporter 2 (GLUT2) and transcription factor 7-like 2 (TCF7L2). RT-PCR analysis of the effects of lncRNA-p3134 showed significantly increased expression of all four transcription factors (Pdx-1, MafA and TCF7L2, P < 0.01; GLUT2, P < 0.05, Fig. 5E ) in Min6 cells. LncRNA-p3134 overexpression significantly increased three transcription factors at protein level (Pdx-1, MafA and TCF7L2, P < 0.01), with the greatest effect observed on MafA expression (7.7 ± 0.23-fold, Fig. 5F ).
Overexpression of lncRNA-p3134 in Min6 cells decreases β-cell apoptosis
After having established that lncRNA-p3134 promotes insulin synthesis and secretion, we examined the effect of lncRNA-p3134 in maintaining β-cell mass. We investigated the effects of lncRNA-p3134 upregulation on cell viability and apoptosis in Min6 cells. The CCK-8 assay results showed that overexpression of lncRNA-p3134 led to an increased number of viable cells (1.16 ± 0.02 vs. 1.30 ± 0.04 at 72h, p < 0.01, Fig. 6A ). Flow cytometry analysis showed that upregulation of lncRNA-p3134 expression inhibited apoptosis compared to that 
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LncRNA-p3134 protects beta cells from glucotoxicity
Having observed reduced expression of lncRNA-p3134 in the Min6 cells at 33.3 mM glucose, we wanted to investigate whether lncRNA has a protective effect at this potentially cytotoxic glucose concentration. Min6 cells were transfected with either lncRNA-p3134 or empty vectors and then exposed to 33.3 mM glucose concentration for 48h. LncRNA-p3134 overexpression in Min6 cells significantly attenuated cell apoptosis by 31.8% at 33.3 mM glucose (p=0.013, Fig. 7A ), indicating the cytoprotective effect of lncRNA-p3134 in glucotoxicity state.
Min6 cells were exposed to 5mmol/L or 33.3mmol/L glucose for a sustained period of 48h priors for transcription factors analysis and GSIS assays. In accordance with previous reports, the effects of glucotoxicity showed significantly decreased the expression of transcription factors (MafA, P < 0.01; Pdx-1, P < 0.005) in Min6 cells after treatment with 33.3 mmol/L glucose for 48 h (Fig. 7B and C) . The GSIS response of Min6 cells after exposure to 33.3mmol/L glucose was significantly reduced when the glucose concentration was raised from 2.8 mmol/L to 16.7 mmol/L compared to that observed after exposure to 5mmol/L glucose for 48h (P < 0.001). As expected, lncRNA-p3134 overexpression in Min6 cells reversed the high glucose-stimulated decreases in MafA and Pdx-1 expression (MafA, 0.87 ± 0.03 vs. 0.59 ± 0.04, p < 0.01; Pdx-1, 0.82 ± 0.03 vs. 0.58 ± 0.03, p < 0.01). LncRNA-p3134 overexpression also inhibit the effect of glucose-toxicity on GSIS function was alleviated with increased insulin synthesis (p < 0.01, Fig. 7D ).
Upregulation of lncRNA-p3134 in db/db mice reverse insulin synthesis and secretion
The condition of high glucose concentration exposure to cells cannot fully simulate the diabetic state in vivo. We performed the intravenous hydrodynamic method of transfecting Fig. 8 . Upregulaion of lncRNA-p3134 in db/db mice affects glucose metabolism. db/db mice were injected with lncRNA-p3134 (lncRNA-p3134 group), or negative control vectors (db/ db group) by intravenous hydrodynamic method. After injection 48 h, pancreas and islets were collected. Islets from nondiabetic littermate controls (db/m group) were used as the normal control. Real-time PCR data were used to determine the lncRNA-p3134 expression levels in pancreas (A) and circulation (B). IPGTT (C) and serum insulin (D) levels of mice from three groups were detected (n = 6 for each). Pancreatic sections were immunohistochemically stained for insulin. Total areas of pancreatic tissues and insulin-positive cells were traced manually and determined by counting 60 islets or more in six sections per mouse (n = 6) in respective groups. The mass of the insulin positive cells was analyzed and results are shown in proportion to the pancreas. Scale bar, 200 and 50 mm (E). Real-time PCR was used to determine the relative expression of transcription factors and genes involved in β-cell function (F). The protein levels of transcription factors and genes involved in β-cell function were analyzed by Western blot (G). β-actin was used as the internal control. lncRNA in db/db mice. RT-PCR was used to examine the lncRNA expression in circulation and pancreas seven days after injection. The expression of lncRNA-p3134 was increased by 3.3 times in pancreas and 5.5 times in circulation compared with control (p < 0.01, Fig. 8A and B) . The fasting blood glucose levels was no significant difference between groups.
When challenged by IPGTT, mice o v e r e x p r e s s i n g l n c R N A -p 3 1 3 4 s i g n i f i c a n t l y decreased blood glucose levels when compared with db/ db mice from 30 to 120 min (ACU glucose level, 675.15 ± 21 vs. 464 ± 13 vs. 210 ± 25 mg/dL•h, n = 6 for each, p < 0.01, Fig. 8C ). Serum insulin levels were higher in lncRNA-p3134 overexpression mice before glucose load and remarkably elevated during GTT at 30 min compared with controls (4.22 ± 0.69 vs. 2.69 ± 0.12 vs. 1.23 ± 0.12 ng/ml, p < 0.05 compared with db/db group, p < 0.01 compared with db/m group, Fig. 8D ).
The mass of insulin-positive cells detected by insulin immunostaining analysis in db/ db mice was significantly increased after lncRNA-p3134 upregulated (0.58 ± 0.14 vs. 0.38 ± 0.11%, p < 0.05, Fig. 8E ). Consistent with these findings, islets from the lncRNA-p3134 overexpression mice showed increased mRNA and protein levels of Pdx-1, MafA, GLUT2 and TCF7L2 when compared with db/m and db/db group, except GLUT2 protein expression compared with db/m group ( Fig. 8F and G) .
LncRNA-p3134 positively regulated insulin signaling pathway
The PI3K/Akt/mTOR signaling pathway is closely related to insulin secretion in β-cells. Bioinformatics analyses also indicated that lncRNA-p3134 regulated GSIS via the insulin signaling pathway, we therefore analyzed the expression of related protein and the activity of the insulin signaling pathway in Min6 cells and db/db mice after transfection with lncRNA-p3134. LncRNA-p3134 overexpression significantly elevated the mRNA level of insulin signaling pathway genes, including PI3K, Akt2, and mTOR both in vitro and vivo (Fig.  9A) . The protein expression level of PI3K, p-AKT and mTOR was significantly higher after lncRNA-p3134 overexpression in both Min6 cells and db/db mice. AKT phosphorylation increased by 41.47 ± 12% (p = 0.034) in Min6 cells and 39.05 ± 8% (p = 0.027) in vivo after lncRNA-p3134 overexpression (Fig. 9B) . After inhibition of AKT signal using the PI3K inhibitor LY294002, treatment of Min6 cells with LY294002 attenuated the insulin secretion in β-cells (Fig. 9C) . These results indicated the involvement of downstream pathway in lncRNA-p3134 mediated beta cell protection.
Discussion
Islet β-cell are endocrine cells with the role of producing insulin and maintaining glucose homeostasis. The central role of pathogenesis in T2D is the defective of β-cell, presenting in abnormal changes of beta cell mass or deficiency of insulin secretion. Indeed, that defective β-cell can seed non-coding RNA into bloodstream under pathophysiological conditions is found [29] , but whether islet cells can secrete lncRNA has not been clarified yet. LncRNAs can alter the cellular functions by regulating the expression of their target gens and intercellular communication with signaling molecules [30, 31] . Future investigations will be targeted at understanding the function of T2D-specific lncRNAs in maintaining β-cell function in the development of diabetes [32] . In the present study, we provide a novel lncRNA as a resource for exploring their role in the pathogenesis of T2D. We found the expression of lncRNA-p3134 negatively correlated with HOMA-β, which is the indicators of beta cell function, suggesting that the increased expression of circulating lncRNA-p3134 might have a potential role in the regulation of β-cell function. According to the expression profile of human body map, lncRNA-p3134 abundantly expressed in adipose tissue, adrenal, brain, colon, kidney, blood exosome. It also highly expressed in squamous cell carcinoma cell line exosomes, which might be a promising noninvasive biomarker for assessing specific cancer.
We confirmed the most circulating lncRNA-p3134 secreted by islet β-cell is stored in exosomes. Indeed, a large number of studies have reported that sorts of cells can release lncRNAs-packaged exosomes into circulation. However, whether other tissue contribute to the circulating lncRNA still have to find out. These would be more helpful to understand the regulation to other tissues on β-cell function. Moreover, islet β-cell present a transcriptional response to fluctuating concentrations of glucose. Several studies have shown that lncRNAs could be induced or inhibited when exposed to different glucose concentrations [33] . We subsequently detected the intracellular and secretion level of lncRNA-p3134 and verified that lncRNA-p3134 was secreted by islet β cells treated with moderate high-level glucose. The upregulated expression pattern with the increasing glucose concentrations is mostly involved in maintaining β-cell function [34, 35] . However, this protective effect might be inhibited in response to higher glucose concentrations, as indicated by the negative effects of lncRNA-p3134 during extreme glucotoxicity. These results rule out the possibility that lncRNA-p3134 is changed by islet β-cell responding strongly to glucose stimulation.
We subsequently assessed the potential role of lncRNA-p3134 on the maintenance of insulin synthesis and secretion. The overexpression of lncRNA-p3134 in Min6 cells caused an increase in glucose-stimulated insulin section consistent with upregulation of insulin transcription factors. Studies have revealed that the transcription factors Pdx-1 and MafA coordinately stimulate insulin synthesis by stimulating the insulin gene promoter in response to elevated blood glucose [36] . GLUT2 is a glucose transporter essential for activating glucose-sensitive genes. Inactivation of GLUT2 may also ultimately lead to impaired GSIS [37] . In our study, we observed that the Pdx-1, MafA and GLUT2 expression levels were upregulated after lncRNA-p3134 overexpression both in vitro and vivo. Additionally, we observed that TCF7L2 expression was increased after lncRNA-p3134 upregulated in Min6 cells and in db/db mice, identify with our bioinformatics analyses. TCF7L2 was mapped to established T2D susceptibility genes [38] . Association studies found that variants of TCF7L2 correlated with impaired GSIS in humans, and selective deletion of TCF7L2 in vitro induced β-cell apoptosis [39] . Interestingly, overexpression of lncRNA-p3134 in Min6 cells partially reversed the inhibitory effect of glucotoxity on Pdx-1 and MafA expression. As a consequence, the GSIS function were restored. These results clearly implicate lncRNA-p3134 may mediate activation of insulin gene transcription and thus enhance insulin synthesis and secretion. In addition to promoting insulin secretion, lncRNA-p3134 also led to prevention of apoptosis and maintenance of sufficient β-cell mass in both normal condition and glucotoxity condition of Min6 cells. However, the vitro experiment cannot fully simulate the diabetic state in vivo. Therefore, we observed whether overexpression of lncRNA-p3134 in db/db mice can reverse the beta cell dysfunction in T2D mouse model. Morphological observation of pancreas tissue in db/db mice also verified the effect of lncRNA-p3134 in maintaining β-cell mass in vivo. Additionally, overexpression of lncRNA-p3134 rescued the glucose tolerance and insulin section challenged by IPGTT in db/db mice, supporting our hypothesis that lncRNA-p3134 might have a compensatory effect to preserve pancreatic β-cell function.
The PI3K/Akt/mTOR signaling pathway is critically involved in glucose metabolism. Activation of PI3K/Akt/mTOR signaling in β-cell might improve insulin secretion and decrease blood glucose levels by increasing the β-cell mass [40] , as observed in the present study. After blocking the PI3K/AKT signals with their specific inhibitor, the effect of overexpressed lncRNA-p3134 on insulin secretion was obviously attenuated, suggesting that insulin signaling pathway was the potential downstream pathway in lncRNA-p3134 mediated β-cell protection (Fig. 10) . However, the specific mode of regulation between lncRNA-p3134 and insulin signaling pathway remains to be clarified. Although the discovery of the lncRNA-p3134 in the protection effects of high glucose on insulin secretion is of great significance, the direct target molecules regulated by lncRNA-p3134 is needed to study in the future. In addition, due to the notable species differences in lncRNA expression, we failed to perform a knockdown gene study to further elucidate the function of lncRNA-p3134.
Conclusion
In summary, we provide new insights into the role of lncRNA-p3134 in both T2D patients and pancreatic β-cell. LncRNA-p3134 secreted by islet β-cell may be a new signaling molecule that maintain β-cell mass and enhance insulin synthesis and secretion. Furthermore, lncRNA-p3134 contributed to reverse the deficient of insulin secretion in T2D. It will be of interest to determine whether lncRNA-p3134 produced by other tissues, such as adipose tissue or hepatocytes, can have metabolic effects.
